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ABSTRACT 16 
Polyethersulfone ultrafiltration membranes prepared via immersion precipitation with 17 
similar pore size were modified using UV irradiation with two nano-sized hydrophilic 18 
compounds of a different nature (an organic compound and a metal oxide). Effects of 19 
PEG/Al2O3 nanoparticles on membrane structure and the resulting performance were 20 
compared to determine the material with the best antifouling properties. Membranes 21 
were characterized by hydrophilicity (water contact angle, porosity, equilibrium water 22 
content and average pore radius), surface microscopic techniques (ATR-FTIR, SEM, 23 
EDX and AFM) and cross-flow ultrafiltration experiments (hydraulic permeability, 24 
membrane resistance and antifouling measurements). Membrane antifouling properties 25 
were analysed by several fouling/rinsing cycles using feed solutions of PEG of 35000 g 26 
 mol
-1 
with a concentration of 5 g L
-1
. Water contact angle measurements, ATR-FTIR 27 
spectra, SEM images and EDX analysis indicated the presence of PEG/Al2O3 28 
nanoparticles on the membrane surface. All UV-grafted membranes had higher 29 
hydraulic permeability than the unmodified membrane. Furthermore, polyethersulfone 30 
membranes photografted with 2.0 wt% PEG and 0.5 wt% Al2O3 displayed superior 31 
antifouling properties and desirable performance compared to all membranes tested. 32 
Therefore, this study proved that UV photografting of PEG/Al2O3 onto membrane 33 
surfaces is an appropriate technique for modifying polyethersulfone membranes to 34 
minimize membrane fouling. 35 
 36 
KEYWORDS hydrophilicity; antifouling; photografting; ultraviolet irradiation; 37 
polyethylene glycol/aluminium oxide nanoparticles. 38 
 39 
1. INTRODUCTION 40 
Nowadays, ultrafiltration (UF) is a well-established membrane technology to separate 41 
water and microsolutes from macromolecules and colloids. UF membranes are used in a 42 
huge variety of applications, particularly in water production, chemicals processing, 43 
food processing, biotechnology, and wastewater treatment. These membranes are 44 
usually made from polymeric materials, though ceramic membranes are also available 45 
[1]. 46 
 47 
However, the contamination of a membrane, known as membrane fouling, is one of the 48 
most serious and inevitable problems in the UF membrane performance. Fouling 49 
depends on feed characteristics, operating parameters and membrane surface properties 50 
such as porosity, pore size, morphology, and hydrophilicity [2]. This phenomenon 51 
 remarkably reduces membrane performance due to the adsorption and deposition of 52 
solutes or particles onto the membrane surface or within its pores and hence, leads to an 53 
increase in hydraulic resistance during the filtration time. A higher hydraulic resistance 54 
is manifested as a decline in membrane permeation flux, which increases operating 55 
costs due to the need for frequent cleaning and maintenance, even replacement of the 56 
membrane [3]. In this way, many researchers have paid close attention to the study of 57 
the problems associated with membrane fouling. These studies focus on different areas 58 
such as fouling characterization and mechanism [4], fouling modelling [5], and fouling 59 
minimization. For this last purpose, several researchers have modified membrane 60 
characteristics to obtain a new material with better antifouling properties than the 61 
unmodified material. These unmodified materials are often high-performance UF 62 
membranes, which are made from polysulfone (PS) or polyethersulfone (PES) and are 63 
strongly fouled due to their low hydrophilic surface properties [6]. As a consequence, 64 
the improvement in membrane hydrophilicity is a good way to increase the fouling-65 
resistant capability [7]. Membrane surface plays a determining role in permeation and 66 
separation properties because interactions between membrane and foulants take place 67 
mainly at the surface, while the porous sublayer provides the mechanical strength to the 68 
whole membrane structure.  69 
 70 
Among the different existing techniques used in surface modification, photografting 71 
stands out as one interesting method to modify polymer membrane surfaces. In this 72 
technique, membranes are irradiated in the presence of monomer or any other additive 73 
in vapour or solution state. The irradiation source could be UV irradiation, X-ray 74 
irradiation, low temperature plasma, electron beam, etc [8]. However, UV irradiation is 75 
a very useful technique due to its relatively low investment cost, low temperature, 76 
 simple and rapid operation, and versatility. Moreover, modification via UV 77 
photografting produces a selective top-layer on the membrane surface due to a strong 78 
chemical bond to the substrate, which makes the membrane more mechanically stable 79 
under high operating pressure and preserves the mechanical properties of the base 80 
polymer [9]. 81 
 82 
This work deals with the modification of UF membranes made of PES by UV 83 
photografting. As PS, PES can easily generate free radicals when is irradiated by UV 84 
light, because of its inherent photosensitivity [10]. A recently method to enhance the 85 
membrane antifouling properties is using metal oxide nanoparticles on membrane 86 
structure and surface [11]. Among these metal oxide nanoparticles, nano-sized Al2O3 in 87 
gamma phase (γ-Al2O3) stands out due to their chemical inertness, availability, surface 88 
enrichment of reactive functional hydroxyl groups, mechanical strength and resistance 89 
to oxidation and corrosion [12].  90 
 91 
The novelty of this work is the UV-modification of PES membranes by combining 92 
polyethylene glycol (PEG) of 400 g mol
-1
 and aluminium oxide (Al2O3) nanoparticles to 93 
improve antifouling properties. The aim is the introduction of both compounds in the 94 
surface structure of PES phase-inversion ultrafiltration membranes to minimize fouling. 95 
The surface properties and performance of all membranes were evaluated by Attenuated 96 
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), Scanning 97 
Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), Atomic Force 98 
Microscopy (AFM), membrane porosity, contact angle, hydraulic permeability, and 99 
fouling analysis.  100 
 101 
 2. EXPERIMENTAL 102 
 2.1 Materials 103 
Polyethersulfone (PES, Ultrason E 6020 P, MW = 51000 g mol
-1
) was donated by BASF 104 
Co. (Germany). Nonwoven support was commercial grade Viledon FO 2431 from 105 
Freudenberg (Germany). N,N-Dimethylacetamide (DMA) was used as solvent in the 106 
phase-inversion method. Aluminium oxide (Al2O3) nanoparticles in gamma phase with 107 
primary particle size of 13 nm and a surface area of 100 m
2
 g
-1
 (Sigma Aldrich, 108 
Germany) were used as the metal oxide. Polyethylene glycol of 400 g mol
-1
 (PEG 400) 109 
was provided by Sigma Aldrich (Germany), and was used as a water-soluble organic 110 
compound in UV-modification. Other researchers demonstrated that covalent bonding 111 
and grafting of PEG to other molecules may enhance their properties rendering them 112 
non-immunogenic, water soluble and protein rejecting. Das and Grupta investigated the 113 
degradation of PEG of different molecular weights using UV irradiation, showing that 114 
PEG is degraded at higher exposure time (2-7 h) than those used in this study (10 min, 115 
see in Chapter 2.3). Also, they demonstrated that PEGs with low molecular weight 116 
suffer lesser mass loss during UV irradiation than PEGs with high molecular weight. In 117 
addition, the hydrophilic nature of PEG 400 is such that water-hydrogen bonds with the 118 
polymer chain can inhibit protein absorption [13]. Therefore, PEG 400 can be a good 119 
choice as an organic compound in UV surface modification. PEG 400 and Al2O3 were 120 
selected to investigate the effects of the organic/inorganic nature on the membrane 121 
performance. Other types of polyethylene glycol (PEG 20000, and PEG 35000 from 122 
Sigma Aldrich, Germany; and PEG 10000 from Merck, Spain; the number indicates the 123 
different molar mass in g mol
-1
) were also used as a part of the feed solution in 124 
membrane characterization. Deionized water was used throughout this study. 125 
 126 
  2.2. Membrane preparation 127 
Phase-inversion method by immersion precipitation was applied for preparing 128 
asymmetric PES membranes. In this study, a homogeneous polymer solution with a 129 
composition of PES/DMA (20/80 wt%) was prepared under constant mechanical 130 
stirring at room temperature for at least 48 h. After that time, the polymer solution was 131 
then cast onto nonwoven supports by using a film applicator with a 75 μm casting knife, 132 
followed by immediate immersion in a coagulation bath of deionized water at room 133 
temperature to not allow a preceding dry phase-inversion in the atmosphere [14] and to 134 
remove the remaining solvent from the membrane structure. Once the coagulation 135 
process was finished, PES membranes were stored in deionized water until use. 136 
Prepared membranes with an approximate molecular weight cut-off of 30000 g mol
-1
 137 
(30580 ± 2170 g mol
-1
) were selected as base membranes for UV-modification. 138 
According to previous studies [15], MWCO of these membranes was obtained by 139 
sieving curves measured with PEG of different molecular weight in which solute 140 
rejection values were presented versus solute molecular weight. Thus, the smallest 141 
molecular weight at which 90% of rejection was obtained corresponded to membrane 142 
MWCO. 143 
 144 
 2.3. Surface modification 145 
PES membranes were modified using the UV photografting equipment schematically 146 
represented in Fig. 1. An UV lamp of 6 W (Vilber Lourmat, France) is placed at the 147 
center of the ceil, providing uniform UV illumination (wavelength > 300 nm) over an 148 
area of up to 100 cm
2
. PES membrane samples were immersed in grafting solutions 149 
(well-dispersed PEG/Al2O3 nanoparticles in aqueous solution) and they were covered 150 
with a glass UV filter. After 5 min since the first contact between the membrane and 151 
 grafting solutions, samples were subjected to UV irradiation for 10 min. In all 152 
experiments, reaction time was controlled by fixing the irradiation duration, the distance 153 
between the membrane surface and the UV lamp, and the relative humidity of the 154 
environment (40%). Thereafter, UV-grafted membranes were taken out and 155 
immediately rinsed with excess water to remove any unreacted compound and non-156 
grafted chains from the membrane surface and pores. The washing process was 157 
sequentially done at room temperature for 30 min, at 50 ± 2 ºC for 2 h, and again at 158 
room temperature for 30 min. After washing, all the photografted membranes were 159 
stored in deionized water until use. The degree of modification or “degree of grafting” 160 
(DG) can be gravimetrically determined as the weight increase per membrane surface 161 
area as described by the following expression: 162 
 
A
mm
DG m 0

          Eq. (1) 163 
where m0 is the initial membrane sample weight, mm is the membrane weight after 164 
grafting modification, and A is the outer surface area of the membrane used. 165 
 166 
All the membrane samples used for DG determination were not used for flux and 167 
fouling experiments because these measurements were destructive testing for the sample 168 
structure. 169 
 170 
 2.4 ATR-FTIR analysis 171 
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was 172 
used to evaluate the chemical structure of the different membranes tested. ATR-FTIR 173 
spectra were measured on a Thermo Nicolet® Nexus spectrometer using a ZnSe crystal 174 
with a nominal incident angle of 45º. For each measurement, 128 scans were performed 175 
 for the range of 600-4000 cm
-1
, with a resolution of 4 cm
-1
. Membrane samples were 176 
dried in a vacuum oven overnight at room temperature before analysis.  177 
 178 
 2.5 Membrane porosity (ε) and equilibrium water content (EWC) 179 
Membrane porosity (ε) and equilibrium water content (EWC) were studied to determine 180 
the degree of hydrophilicity or hydrophobicity of the membranes. After membranes 181 
were equilibrated in water, the volume occupied by water and the volume of the 182 
membranes in wet state were determined. Wet membranes were dried by putting in a 183 
vacuum oven for 24 h at 50 ºC and then they were weighed in dry state. Membrane 184 
porosity was obtained using the following equation [16]: 185 
 
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        Eq. (2) 186 
where WW is the weight of wet membranes (g), WD is the weight of dry membranes (g), 187 
ρW is the density of pure water at operating conditions (g cm
-3
), and ρp is the density of 188 
the polymer (g cm
-3
). 189 
 190 
EWC indicates the amount of water molecules that fill the membrane pores. EWC was 191 
estimated by Eq. (3): 192 
100·(%)
W
DW
W
WW
EWC

                Eq. (3) 193 
 194 
These parameters are strongly related to hydraulic permeability and therefore have an 195 
important role on permeation and separation [17]. 196 
 197 
 2.6 Average pore radius (rm) 198 
 Membrane average pore radius (rm) represents the average pore size along the 199 
membrane thickness (ζ) and is used to estimate the true membrane pore size. This 200 
parameter was determined by water filtration velocity method under constant 201 
transmembrane pressure (300 kPa) and it could be calculated by the Guerout-Elford-202 
Ferry equation [18]: 203 
  
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        Eq. (4) 204 
where η is the water viscosity (Pa s), QW is the water flow (m
3
 s
-1
) and ΔP is the 205 
transmembrane pressure (MPa). 206 
 207 
 2.7 Contact angle measurement 208 
Water contact angle was measured using an optical measurement system (Dataphysics 209 
OCA20, Germany) for predicting hydrophilicity. Three microlitres of deionized water 210 
were dropped on a dried flat membrane surface from a microsyringe with a stainless 211 
steel needle at room temperature conditions. Contact angle values were averaged from 212 
ten random locations for each membrane sample. If membranes are hydrophilic, the 213 
angle stays lower than 90º [19]. 214 
 215 
In order to study the stability of the hydrophilic PEG/Al2O3 nanoparticles incorporated 216 
on the membrane surface and its structure in a qualitative way, all membranes were 217 
soaked in water (25 ± 2 ºC). During 10 days of incubation time, WCA measurements 218 
were performed for each membrane and the variation of these measurements was used 219 
as the indicator of the photomodification stability. With this experiment, it can be 220 
confirmed if Al2O3 nanoparticles were well trapped in the grafted layer. This test was 221 
similar to that reported by Susanto et al. [20]. 222 
 223 
  2.8 Membrane morphology 224 
The cross-sectional morphology was observed by scanning electron microscopy (SEM). 225 
Cross-sections were obtained by breaking the membranes into small pieces. For this 226 
purpose, membrane samples were immersed in liquid nitrogen and all the samples were 227 
sputtered with a thin conductive layer of carbon, prior to SEM analysis. Energy 228 
dispersive X-ray spectroscopy (EDX) analysis was also performed to reveal the real 229 
composition of a certain part of the membrane. Both analyses were carried out with a 230 
scanning electron microscope and its adjunct EDX analyser (JEOL JSM6300 scanning 231 
microscope, Japan). Each reported value was expressed by the average of three 232 
measurements for each sample.  233 
 234 
A multimode atomic force microscopy (VEECO Instruments (USA)) was also used to 235 
obtain the membrane surface roughness. All AFM images were obtained from 5 μm x 5 236 
μm samples over different areas of each membrane. Also, these images were taken in 237 
ambient air in tapping mode, which is ideal for studying relatively soft samples such as 238 
grafted polymers [21]. Roughness values were obtained as the average of ten different 239 
areas of 1 μm x 1 μm for each membrane sample. The average roughness (Sa) and the 240 
root mean square roughness (Sq) were calculated by the following expression, 241 
considering a value for the parameter N (number of data points) of 512 [5]: 242 

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         Eq. (6) 244 
where Zavg is the average of the Z values within the given area, Zi is the current Z value 245 
measured and N is the number of points within the given area. 246 
  247 
 2.9 Membrane performance 248 
Membrane performance was studied in terms of hydraulic permeability, solute rejection 249 
and fouling experiments. All experiments were conducted with an UF experimental 250 
setup, which is described in a previous paper [22]. Initially, all membranes were 251 
compacted at a transmembrane pressure (ΔP) of 100 kPa for 30 minutes, until the 252 
difference between values of the permeate mass during the filtration time was lower 253 
than 2%. Then, hydraulic permeability experiments were carried out with deionized 254 
water at different transmembrane pressures (from 100 to 300 kPa), constant cross-flow 255 
velocity (2.08 m s
-1
) and 25 ºC. All deionized water fluxes (JW) were measured by 256 
gravimetric method until the values remained constant (with a difference lower than 5% 257 
in periods of 6 min). JW (L m
-2
 h
-1
) was determined as follows: 258 
tA
V
m
WJ ·
           Eq. (7) 259 
where V is the total volume permeated (m
3
) during the experimental time interval t (h) 260 
and Am is the effective surface area of the membrane (m
2
).  261 
 262 
Hydraulic permeability (Ph) was obtained from the slope of the plot of JW and ΔP and 263 
was calculated by: 264 
P
J
P Wh

           Eq. (8) 265 
 266 
According to Darcy’s law, membrane intrinsic resistance or membrane resistance (Rm) 267 
was obtained using the following expression (Eq. (9)): 268 
W
m
J
P
R




                   Eq. (9) 269 
  270 
Rejection tests were conducted in the same above-mentioned UF setup using 1 g L
-1
 271 
PEG solutions individually prepared with different molecular weights from 10000 to 272 
35000 g mol
-1
. The compositions of PEG solutions in the permeate stream (Cp) and in 273 
the feed/concentrate streams (Cf) were analysed using a high-precision Atago 274 
Refractometer (Atago RX-5000) at 20 °C within an accuracy of ± 0.00004 units. 275 
Rejection (R) was estimated by Eq. (10): 276 
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 278 
After hydraulic permeability and solute rejection tests, dynamic permeation experiments 279 
via cross-flow ultrafiltration were performed using PEG of 35000 g mol
-1
 with a 280 
concentration of 5 g L
-1
 as a model foulant solution. PEG has been extensively used as a 281 
standard foulant in different UF experiments to study fouling behaviour and surface 282 
hydrophilic properties [23]. Each PES membrane was firstly subjected to a compaction 283 
test with deionized water at 200 kPa and constant cross-flow velocity (2.08 m s
-1
) 284 
during 30 min and then, three cycles of fouling experiments with hydraulic cleaning 285 
(rinsing) were carried out for each membrane. Each filtration cycle included two steps: 286 
PEG solution filtration at 200 kPa for 2h and rinsing with deionized water for 30 min. 287 
These experiments were repeated three times. The permeate flux during PEG 288 
ultrafiltration Jf (L m
-2
 h
-1
) and water flux during rinsing JW (L m
-2
 h
-1
) were measured 289 
by gravimetric method. In order to evaluate the membrane fouling-resistant capability, 290 
normalized flux ratio (NFR) was expressed as follows: 291 
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1
2
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
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
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
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f
f
J
J
NFR                      Eq. (11) 292 
 where Jf1 and Jf2 are the membrane fluxes at the beginning and after the fouling process, 293 
respectively. Generally, higher NFR values (next to 1) indicate better antifouling 294 
property of the membrane. 295 
 296 
3. RESULTS AND DISCUSSION 297 
 3.1 Surface chemistry analysis by ATR-FTIR 298 
In order to improve the hydrophilicity and the separation performance of PES 299 
membranes, UV-modification of PES membranes with four different PEG/Al2O3 300 
concentrations were studied. Table 1 shows the different PEG/Al2O3 compositions in 301 
the grafting solution for each membrane studied. ATR-FTIR was employed to provide 302 
information about the chemical structure of all membranes. Fig. 2 presents the ATR-303 
FTIR spectra of the modified PES membranes with varying PEG/Al2O3 contents. 304 
Additionally to all the membranes tested, two new samples were prepared to compare 305 
all the possible absorption peaks and bands appeared during ATR-FTIR spectra (UV-306 
irradiated PES membrane without additives (PES/UV) and UV-grafted PES/PEG 307 
membrane without Al2O3 (PES/PEG)). It is also important to note that the PES/UV 308 
membrane was not included in the experimental design because the UV irradiation in 309 
the absence of monomer/additive solution degraded PES material and made this 310 
membrane unsuitable for the next tests. 311 
 312 
All the membranes showed typical spectrum of PES material, aromatic bands at 1577 313 
cm
-1
 and 1487 cm
-1
 from the benzene ring stretching and C-C bond stretching, 314 
respectively. Also, the absorption peak at 1242 cm
-1
 was assigned to the aromatic ether 315 
(C-O-C) stretching. The absorption band appeared at 1012 cm
-1
 could be attributed to 316 
the symmetric O=S=O stretching vibrations of sulfonated groups [24]. In the same way, 317 
 1323 cm
-1
/1298 cm
-1
 doublet and 1151 cm
-1
 peak were assigned to the asymmetric and 318 
symmetric stretching of the aromatic sulfone chromophore, respectively [25]. 319 
 320 
Comparing the photomodified membranes with the unmodified membrane, a new 321 
absorption band appeared at 1647 cm
-1
, which could be attributed to the carboxyl group 322 
(O-C=O) in asymmetrical stretching and appeared when PES was UV-grafted [24,26]. 323 
Also, new absorption peaks appeared (in a very low scale, but there are present in ATR-324 
FTIR spectra) at 2920 cm
-1
 and 2852 cm
-1
, which could be assigned to the asymmetric 325 
and symmetric stretching vibration of –CH2. However, the low values of the intensity of 326 
these peaks made them barely perceptible in the ATR-FTIR spectra depicted in Fig. 2. 327 
There was no evidence that all these peaks (1647, 2852 and 2920 cm
-1
) existed onto the 328 
unmodified PES membrane surface, so their appearance was related to the UV grafting 329 
process. These peaks had higher intensity when the presence of PEG on the membrane 330 
increased. The evidence of Al2O3 on the membrane surface was presented below. Two 331 
small peaks at 798 cm
-1
 and 1072 cm
-1
 were identified with the stretching vibration and 332 
the symmetric bending modes of Al-O-Al bonds, respectively. Likewise, the band 333 
observed at 623 cm
-1
 could be attributed to Al-O vibrations [27,28]. 334 
 335 
Finally, the small and characteristic broad band around 3300-3400 cm
-1
 could be 336 
attributed to the stretching of the hydroxyl group (O-H). However, there was no 337 
hydroxyl band in PES structure. Compared with the ATR-FTIR spectrum of PES/PEG 338 
samples, the presence of PEG chains with hydroxyl groups in the polymeric membrane 339 
structure may cause the appearance of this band.  Moreover, the intensity of such band 340 
was slightly stronger when PEG content increased.  341 
 342 
 Therefore, these peaks indicated the presence of PEG/Al2O3 on the membrane surface 343 
and then, a successful photomodification of the PES membranes. 344 
 345 
 3.2 Degree of grafting 346 
The effect of UV irradiation in the presence of different PEG/Al2O3 concentrations on 347 
PES membranes was analyzed using the degree of grafting (DG), and the results are 348 
presented in Table 1. For PES3 and PES4 membranes, the DG results included both 349 
PEG and Al2O3 nanoparticles contribution. DG increased with Al2O3 content, while the 350 
increasing rate of DG was considerably higher when PEG/Al2O3 was added due to the 351 
UV-induced grafting of hydrophilic PEG chains onto the PES membrane surface. In this 352 
process, hydrophilic γ-Al2O3 nanoparticles were entrapped on the surface structure, 353 
modifying the weight of polymer grafted on the membrane surface. This influence 354 
between the PEG content and the DG was also studied by other researchers [29]. The 355 
maximum value of DG (553.14 μg cm-2) was obtained at a concentration of 4.5 wt% 356 
PEG and 0.5 wt% Al2O3 (PES4). With an increase in additives concentration during the 357 
UV irradiation, surface free radical had more chance to contact with PEG/Al2O3 and a 358 
higher DG was achieved. However, UV photografting on the surface structure was 359 
prevented due to the insufficient room for new polymer chains at high PEG 360 
concentration. Thus, the increasing rate of DG was slow at high PEG concentration 361 
[30]. 362 
 363 
 3.3 Contact angle 364 
Water contact angle (WCA) is an important parameter used to evaluate the surface 365 
hydrophilicity of a membrane. A high WCA value represents a hydrophobic surface, 366 
whereas a small WCA value implies a hydrophilic surface. Table 1 summarizes the 367 
 WCA results obtained for UF membranes before and after UV photografting. As 368 
expected, all the photomodified membranes had lower contact angles than the 369 
unmodified PES membrane (PES0), which possesses a hydrophobic surface [31]. So, 370 
PES0 exhibited the highest WCA (72.9 ± 1.5º), whereas 1 wt% Al2O3 photomodified 371 
PES membrane (PES2) presented the lowest WCA (49.9 ± 2.1º). These results indicated 372 
that the membrane became more hydrophilic with the presence of Al2O3 nanoparticles 373 
in its surface, due to their higher affinity for water than PES material [22]. While PEG 374 
incorporation on the membrane surface slightly entailed changes in the hydrophilic 375 
properties [32], the WCA values obtained for PES membranes photomodified with 376 
PEG/Al2O3 were higher than PES2. Therefore, the main responsible for the 377 
improvement of membrane surface hydrophilicity with increasing PEG/Al2O3 content is 378 
the high affinity for water from γ-Al2O3 nanoparticles and to a lesser extent the presence 379 
of hydrophilic functional groups from PEG 400. 380 
 381 
Also, it was found that WCA showed a dependence on the values of DG. At the same 382 
Al2O3 concentration, when PEG was added, WCA decreased (from 59.8 to 53.9 and 383 
51.9) as well as DG value increased (from 287.8 to 494.1 and 553.1). Strong 384 
dependence between WCA and DG can be seen when Al2O3 concentration increased. 385 
An intrinsic relationship between both parameters (DG and WCA) was obtained by 386 
Zhao et al. [7], who studied the changes in the hydrophilicity of polypropylene (PP) 387 
membrane surfaces after UV-induced graft polymerization using two oppositely 388 
charged monomers, [2-(methacryloyloxy)ethyl]trimethylammonium chloride (TM) and 389 
3-sulfopropyl methacrylate potassium salt (SA). When membrane surfaces were entirely 390 
grafted with one monomer, authors obtained higher WCA than the WCA presented by 391 
the combination of both monomers. 392 
  393 
Fig. 3 shows the results obtained for this stabilization test. WCA values of all modified 394 
membranes were higher with increasing the incubation time in water. After the 395 
incubation time, all modified membranes presented lower WCA values than those 396 
obtained for the unmodified membrane, which was an indication of the presence of 397 
Al2O3 nanoparticles on the surface structure and that they were stabilized and well 398 
secured. Comparing the modified membranes among themselves, PES membranes 399 
photomodified only with Al2O3 nanoparticles (PES1 and PES2) presented a higher 400 
increase in WCA values than PES membranes photomodified with PEG/Al2O3 (PES3 401 
and PES4) during the incubation time. Therefore, Al2O3 nanoparticles could leach out 402 
from the membrane matrix after certain time, but the presence of PEG prevented the 403 
leaching of Al2O3 nanoparticles, causing a lower increase in WCA values during the 404 
incubation time and thus, a lower loss of Al2O3 nanoparticles.  405 
 406 
 3.4 Membrane porosity, equilibrium water content and average pore radius 407 
Membrane porosity (ε) and Equilibrium water content (EWC) can be used for 408 
membrane characterization to determine the hydrophilicity of a membrane and their 409 
results are presented in Table 1. Firstly, all the membranes showed good porosity and 410 
EWC with values between 68 and 75%. It can be observed that the EWC percentage 411 
slightly increased after the photomodification process. EWC of the unmodified 412 
membrane was 68.52%, but it increased up to 71.44% when the presence of Al2O3 on 413 
the membrane surface increased up to 1 wt%. Furthermore, the presence of PEG/Al2O3 414 
resulted in a more hydrophilic surface, increasing from 68.52 to 74.04% when the PEG 415 
content was 4.5 wt%. Therefore, the results showed that the UV photomodification with 416 
PEG/Al2O3 increased the hydrophilic character of PES membranes. Membrane porosity 417 
 presented the same trend. Similar behaviour was observed by Pulat and Babayigit, 418 
whose research demonstrated that the EWC increased with the grafting of acrylamide 419 
(AAm) and itaconic acid (IA) in polyurethane (PU) membranes by swelling 420 
measurements [33]. 421 
 422 
Regarding the results shown in Table 1, the unmodified membrane had a relatively 423 
larger mean pore size. However, the average pore size of the PES membrane decreased 424 
when hydrophilic Al2O3 nanoparticles were grafted by UV irradiation onto the 425 
membrane surface. Therefore, UV grafting reduced pore size [34]. However, the results 426 
for PES membranes with PEG/Al2O3 are very interesting and noteworthy. At low PEG 427 
concentration, an increase in PEG content caused a decrease in rm, hence a smaller pore 428 
size was obtained compared to the unmodified PES membrane. However, when higher 429 
PEG concentrations were added onto the membrane surface, more open pores were 430 
formed (rm increased). These results are in agreement with the pore size studies 431 
performed by Abu Seman et al. with acrylic acid in nanofiltration PES membranes. At 432 
low monomer concentration, some molecules penetrated into the membrane pores 433 
during the immersion process and then were photografted by UV light. During the UV 434 
irradiation, these molecules indirectly narrowed the membrane pores. At higher 435 
monomer concentration, a more compact membrane matrix could be developed, what 436 
minimized the amount of grafted additive and its penetration inside the pores [35].  437 
 438 
 3.5 Scanning electron microscopy (SEM) 439 
Microscopic study through SEM analysis was used to have qualitative information 440 
about the influence of the photomodification on the membrane structure. The cross-441 
section morphology of the membranes was observed using SEM and these images are 442 
 presented in Fig. 4. The unmodified membrane (PES0) exhibited typical asymmetric 443 
structure consisting of a compact top layer and a porous finger-like substructure. The 444 
formation of this structure by phase-inversion method and its inherent phenomena had 445 
been explained by previous researchers [36]. Also, this membrane had a smoother and 446 
more homogeneous surface and apparently a larger porosity than all photomodified 447 
membranes. Compared with unmodified PES, both pore narrowing and pore blocking 448 
were observed as consequences of the UV photografted surface [31]. These effects were 449 
more pronounced for UV-modification using only Al2O3. PES membranes 450 
photomodified with Al2O3 (PES1 and PES2) presented an irregular and smaller finger-451 
like structure with little agglomerations of Al2O3 nanoparticles entrapped in the pore 452 
channels because UV grafting can occur a certain depth into the membrane structure, 453 
not only in the outer membrane surface. Saha et al. [37] demonstrated that 454 
photomodification will not completely be limited to the outer membrane surface 455 
because both additives and UV irradiation could penetrate into the membrane pores. For 456 
higher Al2O3 concentration in the UV-grafted membrane (PES2), modification resulted 457 
in a rougher structure. PEG/Al2O3 photomodified membranes (PES3 and PES4) and 458 
PES0 had very similar morphologies [38], except that a larger finger-like structure was 459 
observed below the skin layer of the PES/PEG/Al2O3 membranes. Furthermore, there 460 
was no evidence of Al2O3 agglomerations in pore channels near the membrane surface, 461 
which may be due to the fact that PEG reoriented the Al2O3 nanoparticles on the 462 
membrane surface during UV photografting. Therefore, the heterogeneous appearance 463 
of PEG/Al2O3 UV-grafted surfaces is another proof of grafting.  464 
  465 
 3.6 Energy dispersive X-ray spectroscopy (EDX)  466 
 Simultaneously to SEM technique, EDX analysis was performed to investigate the 467 
distribution of Al2O3 nanoparticles as well as the effect of the photomodification on 468 
membrane surfaces. This technique is useful to corroborate the results obtained by 469 
ATR-FTIR spectroscopy. Table 2 shows the EDX results of unmodified and 470 
photomodified membranes. EDX results demonstrated the presence of C, O, S for all 471 
the membranes, including Al element for all the photomodified membranes, which gave 472 
evidence of the efficiency of UV photografting using Al2O3 nanoparticles. When PES 473 
membranes with Al2O3 nanoparticles were UV irradiated, the presence of Al element in 474 
the surface structure increased. This increment was higher when Al2O3 content in the 475 
grafting solution was increased. Therefore, Al2O3 nanoparticles were uniformly 476 
distributed on the whole membrane surface; however, some particles formed larger 477 
agglomerations. On the other hand, the presence of Al element decreased when PEG 478 
was added in the grafting solution, because Al2O3 nanoparticles were entrapped on the 479 
nascent surface structure during the UV-induced polymerization between PEG and PES. 480 
So, the presence of C element increased (present in the structure of PEG and PES) and 481 
the presence of S element and Al element (only present in PES structure and in Al2O3 482 
structure, respectively) decreased. There is not much difference between the results 483 
obtained for PES3 and PES4.  484 
 485 
 3.7 Atomic force microscopy (AFM) 486 
AFM analyses were performed to investigate the surface morphology at a nanoscopic 487 
scale and quantify the surface roughness of a membrane. Fig. 5 provides the three-488 
dimensional AFM images of the PES membranes before and after modification for a 489 
scale of 1 μm x 1 μm. The brightest area presents the highest points of the membrane 490 
surface and the dark regions illustrate valleys or membrane pores. It can be seen that the 491 
 unmodified membrane showed a flatter surface than photomodified membranes. Table 1 492 
indicates the calculated roughness of the membrane surfaces. AFM results showed that 493 
the membrane surface had a higher roughness after UV photomodification [37]. 494 
Compared with WCA results, an improvement in hydrophilicity suggested that the 495 
surface roughness of UV-grafted membranes would be greater compared to unmodified 496 
PES membrane [26]. The average roughness of the membranes (Sa) slightly increased 497 
from 3.43 nm to 3.87 nm when Al2O3 was grafted. When Al2O3 content was 1.0 wt% 498 
(PES2), Sa dramatically increased to 8.43 nm, which was the highest value of Sa 499 
observed in all the membranes tested. This phenomenon may be due to the fact that PES 500 
is a photosensitive polymer material to UV light [39]. When PES membranes were 501 
irradiated (λ ≈ 300 nm) in the presence of Al2O3, their own polymer chains could be 502 
cleaved and then, their surface structure was weakened. In this moment, Al2O3 503 
nanoparticles could be deposited onto the membrane surface, in which these 504 
nanoparticles were entrapped onto the surface polymer chains (PES). The weakening of 505 
the PES surface structure could be avoided at longer wavelength UV light (λ > 350 nm) 506 
[40].  507 
 508 
In the same way, Sa barely increased from 3.43 nm to 3.59 nm when PEG content was 509 
2.0 wt%. However, at high PEG concentration (4.5 wt%), the value of Sa increased to 510 
7.29 nm. Therefore, the surface roughness increased when the PEG concentration 511 
increased. In this case, UV irradiation activated the PES membrane surface, which 512 
formed polymer chains with the PEG reacted and entrapped Al2O3 nanoparticles in the 513 
nascent surface structure. This UV-induced polymerization made the membrane surface 514 
rougher.  515 
 516 
  3.8 Ultrafiltration performances 517 
The effect of UV photografting on the performance of the PES membranes was 518 
investigated by using pure water and PEG filtration. Table 3 shows the effect of the 519 
different PEG/Al2O3 grafting solutions on the membrane hydraulic permeability and the 520 
membrane intrinsic resistance.  521 
 522 
Hydraulic permeability of the unmodified PES membrane was slightly increased by UV 523 
photografting using hydrophilic compounds onto the PES membrane surface. When 524 
Al2O3 content in the grafting solution was higher, hydraulic permeability increased due 525 
to the hydrophilic nature of the Al2O3 nanoparticles as well as the homogeneity of its 526 
presence in the membrane surface structure [22]. This increment was also attributed to 527 
the higher DG and membrane surface roughness and pore structure. The increase in 528 
hydraulic permeability was higher when hydrophilic PEG 400 was present in the 529 
grafting solution. Even though photografting generally reduces pore size, enhancement 530 
in hydraulic permeability may be explained by the introduction of polar groups and the 531 
formation of larger pores, due to the high affinity of water molecules to the hydrophilic 532 
PEG chains onto the membrane [38]. For UV-irradiated PES membranes with 2.0 wt% 533 
PEG and 0.5 wt% Al2O3, hydraulic permeability increased from 2.352 L m
-2
 h
-1
 kPa
-1
 to 534 
3.145 L m
-2
 h
-1
 kPa
-1
. However, the highest hydraulic permeability (3.575 L m
-2
 h
-1
 kPa
-535 
1
) was observed by UV-irradiated PES membranes with 4.5 wt% PEG and 0.5 wt% 536 
Al2O3, most probably as a result of larger pore sizes and pore density [25]. 537 
Consequently, the combined addition of PEG/Al2O3 resulted in a high hydraulic 538 
permeability and a low membrane resistance. 539 
 540 
 Solute rejection test were performed using 1 g L
-1
 PEG solutions with different 541 
molecular weights (10000, 20000 and 35000 g mol
-1
). PEG rejections for membranes 542 
before and after modification were presented in Table 3. All the modified membranes 543 
had higher rejection for PEG solutions than the unmodified PES membrane. At the 544 
same Al2O3 concentration (PES1, PES3 and PES4), higher PEG 400 concentration 545 
caused an increase in PEG rejection, indicating an improvement in organic solute 546 
rejection when PEG/Al2O3 nanoparticles were added. The highest PEG rejections were 547 
obtained at the highest Al2O3 concentration tested (PES2). Such increment in solute 548 
rejection was an indication of smaller surface pore sizes in the photomodified 549 
membrane, which was confirmed by the average pore radius (rm) results in Section 3.4. 550 
Therefore, these results indicate that the organic solute rejection of PES membranes 551 
enhanced once PEG/Al2O3 nanoparticles were grafted by UV irradiation on the 552 
membrane surface. 553 
 554 
In order to evaluate the antifouling properties of the UV photomodified membranes, a 555 
compaction test with deionized water and then, three cycles of fouling/rinsing 556 
ultrafiltration were carried out. Results for PES membranes photografted with Al2O3 are 557 
shown in Fig. 6. During membrane compaction with deionized water, initial fluxes for 558 
PES membranes photografted with Al2O3 (PES1 and PES2) were higher than that of 559 
unmodified PES membrane (PES0). Moreover, photomodified membranes with Al2O3 560 
nanoparticles were more affected by the compaction process than the unmodified one 561 
(losing about 5% of initial water flux more than PES0 during the compaction time). 562 
After all the fouling/rinsing experiments, total flux losses of all photomodified 563 
membranes with Al2O3 were slightly lower in comparison with the unmodified PES 564 
membrane. PES membrane with 1 wt% Al2O3 (PES2) exhibited the highest flux 565 
 recovery with a final flux value of 528.49 L m
-2
 h
-1 
(75% of the initial value). This 566 
phenomenon indicates that membranes photografted with Al2O3 had lower solute 567 
affinity, which could be caused by an improvement in PES membrane hydrophilicity by 568 
introducing hydrophilic Al2O3 nanoparticles, which could restrain the solute adsorption 569 
and deposition on the membrane surface [41]. 570 
 571 
Fig. 7 presented the results for PES membranes photografted with PEG/Al2O3. As it was 572 
seen for membranes photomodified with Al2O3 during the membrane compaction, the 573 
initial fluxes for PES membranes photografted with PEG/Al2O3 were higher than the 574 
initial fluxes of PES0. However, these membranes presented lower flux loss during 575 
membrane compaction (losing about 9% of the initial water flux value) than PES 576 
membranes photografted with Al2O3 (losing about 12% of the initial flux value). 577 
Moreover, all photografted PES membranes showed a higher flux recovery in 578 
comparison with PES0, especially UV-grafted PES membrane using 2 wt% PEG and 579 
0.5 wt% Al2O3 (PES3) with a final flux value of 387.85 L m
-2
 h
-1 
(82% of the initial 580 
value). When the membrane surface and pore walls became more hydrophilic, 581 
membrane fouling was retarded due to a higher hydrophilicity caused by the combined 582 
effect of the PEG/Al2O3 nanoparticles on the grafted surface structure. Both additives 583 
had high affinity to polar components as water which led to a higher permeability for 584 
pure water and then, a high rejection to hydrophobic compounds such as proteins and 585 
macromolecules [42]. 586 
 587 
Finally, normalized flux ratio (NFR) was used to analyze the fouling degree of all the 588 
membranes prepared. The evolution of the parameter normalized flux ratio (NFR) with 589 
filtration time (2 h) was shown in Fig. 8. It was observed that all the photomodified 590 
 membranes exhibited less fouling tendency (higher NFR values) compared to the 591 
unmodified membrane (PES0), which is an indicator of the success in the alteration in 592 
membrane surface properties. PES3 showed the highest NFR values (81%), suffering 593 
the lowest total flux loss during ultrafiltration in comparison with the other membranes 594 
tested. Differences between the membrane performance of PES3 and PES4 could be 595 
related to the high PEG content in PES4. Previous studies about the surface graft 596 
modification of PES ultrafiltration membranes suggested that there is a certain 597 
monomer/additive concentration (PEG in our case) at which the maximum fouling 598 
resistance could be achieved, and further addition of this monomer was extraneous [29]. 599 
Thus, an increase in PEG content up to a certain value caused an increase in DG values 600 
but not an improvement in its permselective properties. As a consequence, PES 601 
membranes photomodified with PEG/Al2O3 nanoparticles (≈ 2 wt% PEG) reduced the 602 
hydrophobic interaction between PES membrane surface and foulants and therefore, the 603 
antifouling properties of PES membranes were improved by photochemical grafting of 604 
PEG monomer and Al2O3 nanoparticles. 605 
  606 
4. CONCLUSIONS 607 
Hydrophilized PES membranes were prepared via immersion precipitation and modified 608 
by UV irradiation in the presence of two different hydrophilic compounds (a metal 609 
oxide and a water-soluble monomer) to enhance the fouling-resistant capability of the 610 
membrane surface. The effect of PEG of 400 g mol
-1
 and Al2O3 at various 611 
concentrations on the morphology, performance and membrane structure were 612 
elucidated. The following conclusions have been derived from this study: 613 
(1) PES membrane hydrophilicity was significantly increased by UV photografting 614 
with PEG/Al2O3 nanoparticles. 615 
 (2) The incorporation of the hydrophilic compounds on PES membranes during the 616 
UV grafting process was confirmed by ATR-FTIR, SEM, EDX and AFM 617 
analyses, in which chemical and morphological changes on membrane surface 618 
before and after modification were observed. 619 
(3) Degree of grafting, membrane porosity and EWC increased with higher 620 
PEG/Al2O3 concentration. 621 
(4) Pore size and water contact angle of the PES membranes decreased with UV 622 
photografting, implying an improvement of membrane surface hydrophilicity. 623 
Also, stabilization test by water contact angle measurements demonstrated that 624 
PEG could suppress the leaching of Al2O3 nanoparticles. 625 
(5) Hydraulic permeability of all the modified membranes increased after the 626 
photomodification process. 627 
(6) PEG permeation and rejection of PES membranes improved with UV 628 
photografting and therefore, their antifouling properties and flux recovery. The 629 
best results were obtained for PES membranes photografted with 2 wt% 630 
PEG/0.5 wt% Al2O3 nanoparticles. 631 
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7. LIST OF SYMBOLS 765 
Variables 766 
A   Outer surface area of the membrane (cm
2
) 767 
Am  Effective area of the membrane (m
2
) 768 
Cf  Concentration of PEG in feed stream (wt%) 769 
CP  Concentration of PEG in permeate stream (wt%) 770 
DG  Degree of grafting (µg cm
-2
) 771 
EWC  Equilibrium water content 772 
J  Steady-state permeate flux (L m
-2
 h
-1
) 773 
Jf  Permeate flux during PEG ultrafiltration (L m
-2
 h
-1
) 774 
Jf1  Permeate flux of the membranes obtained at the beginning of each  775 
  fouling cycle (L m
-2
 h
-1
) 776 
Jf2  Permeate flux of the membranes after the fouling process (L m
-2
 h
-1
) 777 
Jp  Permeate flux (L m
-2
 h
-1
) 778 
JW  Permeate water flux of the tested membranes (L m
-2
 h
-1
) 779 
m0  Initial membrane sample weight (g) 780 
mm   Membrane weight after photografting process (g) 781 
MW  Molecular weight (Da) 782 
N  Number of points within the given area (dimensionless) 783 
NFR  Normalized flux ratio (%) 784 
Ph  Hydraulic permeability (L m
-2
 h
-1
 kPa
-1
) 785 
 QW  Water flow (m
3
 s
-1
) 786 
rm  Average pore radius (m) 787 
R  Solute rejection (%) 788 
Rm  Membrane intrinsic resistance (m
-1
) 789 
Sa  Average roughness (nm) 790 
Sq  Root mean square roughness (nm) 791 
t  Experimental time interval (h) 792 
T  Feed temperature (°C) 793 
V  Total volume permeated during an experimental time interval (L) 794 
WD  Weight of dry membranes (g) 795 
WW  Weight of wet membranes (g) 796 
Z  Height values of the surface sample (nm) 797 
Zavg  Average of the Z values of the sample (nm) 798 
Zi  Z value currently measured (nm) 799 
ΔP  Transmembrane pressure (MPa) 800 
 801 
Greek letters 802 
ε  Membrane porosity (%) 803 
ζ   membrane thickness (m) 804 
μ  Dynamic water viscosity (Pa s) 805 
ρp  Density of the polymer (g cm
-3
) 806 
ρW  Density of pure water at operating conditions (g cm
-3
) 807 
 808 
Abbreviations 809 
AAm  Acrylamide 810 
 AFM  Atomic force microscopy 811 
ATR-FTIR Attenuated total reflectance Fourier transform infrared spectroscopy 812 
DMA  N,N-Dimethylacetamide 813 
EDX  Energy dispersive X-ray 814 
IA  Itaconic acid 815 
PEG  Polyethylene glycol 816 
PES  Polyethersulfone 817 
PP  Polypropylene 818 
PS   Polysulfone 819 
PU  Polyurethane 820 
SA  3-sulfopropyl methacrylate potassium salt 821 
SEM  Scanning electron microscopy 822 
TM  2-(methacryloyloxy)ethyl]trimethylammonium chloride 823 
UF  Ultrafiltration 824 
UV  Ultraviolet 825 
WCA  Water contact angle 826 
 Fig. 1. Scheme of the UV-grafting equipment: 1, container; 2, mechanical fun; 3, UV 
lamp; 4, glass UV filter; 5, stainless steel support; 6, membrane; 7, grafting solution. 
 
 
Fig. 2. FTIR-ATR spectra of PES membrane surfaces for different PEG/Al2O3 content. 
 
 
 
 
 
 Fig. 3. Stability examination of different photomodification additive solutions 
investigated by measuring the water contact angle as a function of incubating time. 
Membranes were soaked in water at 25 ºC. 
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 Fig. 4. Cross-section SEM images of the unmodified PES membrane (PES0), PES 
membranes photografted with Al2O3 (PES1 and PES2), and PES membranes 
photografted with PEG/Al2O3 (PES3 and PES4). 
  
  
Fig. 5. Surface 3D AFM images of unmodified PES membrane (a) and PES membranes 
photografted: (b) with 0.5 wt% Al2O3, (c) with 1.0 wt% Al2O3, (d) with 2.0 wt% PEG 
and 0.5 wt% Al2O3, and (e) with 4.5 wt% PEG and 0.5 wt% Al2O3. 
 
Fig. 6. Permeate flux versus filtration time for PES membranes with and without Al2O3 
nanoparticles during membrane compaction with deionized water and three PEG 
fouling/rinsing cycles (25 ºC, 200 kPa). 
 
Fig. 7. Permeate flux versus filtration time for PES membranes with and without 
PEG/Al2O3 nanoparticles during membrane compaction with deionized water and three 
PEG fouling/rinsing cycles (25 ºC, 200 kPa). 
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Fig. 8. Normalized flux ratio (NFR) in PEG ultrafiltration of different PES membranes 
with and without PEG/Al2O3 nanoparticles (25 ºC, 200 kPa). 
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Table 1. Degree of grafting (DG), water contact angle (WCA), membrane porosity (ε), 
equilibrium water content (EWC), average pore radius (rm) and surface roughness of 
unmodified PES membrane (PES0) and membranes photomodified with different 
PEG/Al2O3 concentration 
Membrane Additive 
composition 
(wt%) 
DG 
(μg cm-2) 
WCA 
(º) 
ε 
(%) 
EWC 
(%) 
rm 
(nm) 
Surface roughness 
(nm) 
Al2O3 PEG Sa Sq 
PES0 --- --- --- 72.9±1.5 69.1±0.3 68.5±0.4 14.3±0.2 3.4±0.4 4.4±0.4 
PES1 0.50 --- 287.8±16.4 59.8±2.0 71.5±0.3 70.9±0.5 9.5±0.4 3.6±0.6 4.7±0.7 
PES2 1.00 --- 378.5±10.7 49.9±2.1 72.0±0.4 71.4±0.5 9.4±0.3 8.4±1.7 11.6±2.3 
PES3 0.50 2.00 494.1±40.2 53.9±1.9 73.5±0.3 72.9±0.6 10.2±0.4 3.9±0.6 5.1±0.8 
PES4 0.50 4.50 553.1±26.6 51.9±1.6 74.6±0.5 74.0±0.6 10.6±0.6 7.3±1.8 9.6±2.4 
 
Table 2. EDX results for PES membranes photomodified with different PEG/Al2O3 
concentration 
Sample Element 
 C K S K O K Al K 
 wt% at% wt% at% wt% at% wt% at% 
PES0 23.20 29.52 6.00 2.86 70.80 67.62 0.00 0.00 
PES1 25.00 31.22 3.32 1.56 71.62 67.18 0.06 0.03 
PES2 23.46 29.73 5.52 2.66 70.89 67.54 0.14 0.08 
PES3 26.05 32.20 1.82 0.85 72.12 66.94 0.01 0.01 
PES4 25.87 32.04 2.04 0.96 72.03 66.94 0.06 0.03 
 
Table 3. Hydraulic permeability, membrane intrinsic resistance and solute rejection for 
PEG of 10000, 20000 and 35000 g mol
-1
 for all the membranes tested 
Membrane Hydraulic 
permeability 
(L m
-2
 h
-1
 kPa
-1
) 
Membrane 
resistance 
·10
-12 
(m
-1
) 
RPEG 35 
(%) 
RPEG 20 
(%) 
RPEG 10 
(%) 
PES0 2.352 1.702  90.4±0.7 74.3±0.6 70.5±1.5 
PES1 2.571 1.567  91.6±0.5 75.6±1.5 71.5±0.8 
PES2 2.666 1.511 99.0±1.1 83.3±1.7 76.4±0.7 
PES3 3.145 1.279 93.7±0.6 79.5±1.7 76.2±1.1 
PES4 3.575 1.127 96.5±1.4 77.9±0.9 74.4±1.2 
Membrane area = 100 cm
2
; Temperature = 25 ºC. 
 
